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AESTUCT 

Three samples o f  coke were reocted with t w o  d i f f e r e n t  
concentrations of hydrogen su l f ide  a t  800, 900 acd 1000°C. f o r  
two hours each. The samples represented a bulk svlple pre- 
pared f r o m  a High Vo la t i l e  A c o a l  i n  a small l abora tory  oven 
a t  U00”C. wall temperature. liedaction of t he  bulk coke t o  
minus 10 mesh and screening gave sample A ,  10 x 60 aesh, uld 
sample C ,  minus 60 mesh. A n  a l iquot  o f  sample B ground t o  
minus 60 mest: produced s q l e  B. 
e r t i e s  a d  co lor ,  coke C was assumed t o  be  l e s s  carbonizad 
than  coke A .  

900°C. with each s q l e .  O r g d c  salfur i s  c h i e f l y  resr;on- 
s i b l e  f o r  t h e  i rc rease .  Coke C w a s  nost r ezc t ive  and coke A 
l e a s t .  These d i f fe rences  ind ica t e  t ha t  t h e  r eac t ion  begrns 
below 300°C. and t h a t  t h e  degree of r e a c t i v i t y  i s  influenced 
by t h e  nature of t h e  carbon and i t s  u l t r a f i n e  s t ruc t l l re .  

based on t h e  grinding prop- 

Increeses in s u l f u r  content reached a &nuin a t  about 

I 
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INT WIDUCTION 
Hydrogen su l f ide  is t h e  predominating sulfur-bearing component of bituminous 

c o a l  gas i n  t h e  byproduct coke oven process.  
t h e  sulfur  i n  t h e  crude gas  a t  a concentrat ion range o f  0.3 t o  3.0 volume per  cent ,  
which depends l a r g e l y  on t h e  amount of s u l f u r  i n  t h e  coal.  
c i a 1  c o a l  gas contains  about 0.6 volume per  cent (1) .  
r e t o r t  operat ions,  analyses show that 25 t o  30% of t h e  c o a l  sulfur i s  l i b e r a t e d  
as hydrogen s u l f i d e  (2) .  
h igher ,  of the  coal sulfur is  retained in t h e  coke. 

g ins  at about 250°C. 
completed i n  t h e  range of 500 t o  8!10°C (3). Both t h e  organic and inorganic,  
mostly p y r i t i c ,  forms of s u l f u r ,  which c o n s t i t u t e  over 90% of t h e  sulfur i n  most  
coking coals ,  form hydrogen s u l f i d e  (4).  The s u l f a t e  form, which exists only i n  
small q u a n t i t i e s ,  is reduced t o  t h e  s u l f i d e  form i n  t h e  coking process. 
amount of hydrogen s u l f i d e  l i b e r a t e d  ranges from about 2 5 ' t o  50% of t h e  organic 
s u l f u r  i n  t h e  coal. P y r i t e  decomposes completely a t  600°C. in coal  t o  produce 
hydrogen s u l f i d e ,  f e r r o u s  s u l f i d e ,  and pyr rhot i te  (4). Its decomposition i s  
favored a t  the  temperatures ex is t ing  in coke ovens, wherein hydrogen and methane 
a r e  t h e  main components of t h e  c o a l  gas (5). 

evolved from t h e  p l a s t i c  zone s u f f e r  secondary decomposition during t h e i r  t r a v e l  
of contact with incar.descent coke and hot  oven walls. Secondary react ions appear 
t o  be the most important f a c t o r  inf luencing t h e  t o t a l  amount and concentration of 
t h e  sulfurous v o l a t i l e s  regard less  of t h e  Darent stllfur forms i n  t h e  coal.  More- 

It usua l ly  amounts t o  o v w  95% of 

However, moat comer-  
From coke oven and gas 

The analyses also show t h a t  50 t o  60% and sonetimes 

The evolut ion of hydrogen s u l f i d e  and other  s u l f u r  compounds from c o a l  be- 
The reac t ions  which produce t h e s e  v o l z t i l e s  are la rge ly  

The 

The reac t ions  occurr ing in coke ovens a r e  complex, s ince  t h e  primary products 

over ,  the  nature  of minera i  matter i n  coal-may a l s o  be an important f a c t o r  in 
a f f e c t i n g  the  amount and types of sulfurous v o l a t i l e s  l i b e r a t e d  (6) .  

The most  marked change determined d i r e c t l y  by chemical means occurs with 
p y r i t e .  The organic f o r m  i n  both coa l  and coke is obtained by difference.  
form i n  coke is i n  s t a b l e  complex combination Kith carbon atoms or iginat ing par t ly  
from t h e  organic form of t h e  parent c o a l  and p a r t l y  from t h e  s u l f u r  Liberated by 
the decomposition of p y r i t e  and adsorbed during carbonization (4 ,7) .  The nature 
of the stable complex formed by reac t ion  of s u l f t v  procluced from decomposition 
of p y r i t e  with coke was descr ibed a s  analogous t o  t h e  c a r b o n - s d a c e  oxide complex 
of c o a l  (8). 

The organic sulfur i n  coa l  
p a r t l y  forms complexes w i t h  carbon in t h e  range of 400' t o  WO°C. which do no% 
exhib i t  t h e  proper t ies  o f  t h e  o r i g i n a l  form i n  c o a l  (4) .  In coke, the  conrplex 
was described as a s o l i d  s o l u t i o n  of  carbon and s u l f u r  which includes absorbed 
f r e e  sulfur (9) .  

Its 

The c o n s t i t u t i o n  of this complex i s  unlmown (7). 

X-ray analyses  indicated t h a t  t h e  so lu t ion  character izes  a 
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mixed Crys ta l  systeni i n  which it is believed a sulfur z t o a  rep laces  a carbon atom 
wi th in  t h e  graphite-Like crystal la t t ice  (10,11,12). 
a h o  considered t o  e x i s t  p a r t l y  as a so iu t ion  o r  as phys ica l ly  held by aeso-tion 
m d  t h e  remaioder as chemical combination which compounds were impossible t o  
i s o l a t e  (13). 

i n  sulfurous czrbons formed by i n t e r a c t i o n  o f  carbons with hydrogen s u l f i d e ,  sulfur 
d b x i d e 9  s u l f u r  acd o ther  sulfucous gases ( 7 , 5 ) .  
cons t i tuents ,  i r o n  oxide and s i l i c a ,  on t h e  f i x h t i o n  o f  s u l f u r  i n  f i l t e r  paper char 
i n t e rac t ed  with hydro-gen s u l f i d e  a t  7OO'C. w2s  i nves t igz t ed  ( 9 ) .  
chars  t o  1200°C, t h e  presence oE iron has apparently caused a marked r k t e n t i o a  of  
Sul fur  while s i l i c a  exhib i ted  very l i t t l e  o r  no- r e t en t ion .  
t h e  carbon-sulfur complex i n t e r a c t s  with both  t h e  i r o n  s u l f i d e  formed a t  lower tem- 
pera tures  and t h e  s i l i c a  d t h  a c o z s e p e n t  loss of sulfur. 
sulf i r r  i n  coke was also observed when p y r i t e ,  f e r rous  oxide, me ta l l i c  i r o n  and other  
che&cds ,  which,produce s t a b l e  s u l f i d e s ,  were added t o  t h e  coa l  before czrboniza- 
t i o n  (4,14,15). . The.reterition appears a t t r i b u t a b l e  t o  t h e  f a c t  that - the  a f f i n i t y  or^ 
Iron f o r  sulfur i s  g rea t e r  t han  tha t  of hydrogen f o r  sulfur at t h e  temperature exist- 
ing i n  t h e  coke oven (7). Ferrous s u l f i d e  i s  t h e  chief stable sulfurous compound of 
coke? and any i r o n  formed by i t s  reduct ion  i n  the coke oven vi11 genera l ly  teod  t o  
r e v e r t  t o  t he  sulfide i n  t h e  presence of hydrogen sulfide (7). 

r e a c t  with hot coke t o  forn t h e  carbon-sulfur complex ( ' i , i5?16).  
hydrogen s u l f i d e  decomposes i n t o  hydrogen aod diatomic sulftrr a3ove 650°C. (17). 
Based on t h i s ,  it appears t h a t  elemental s u l f u r  is very Likely an intermechate in t h e  
formatioa of t h e  carbon-sulfur complex i n  coke. 
u a l  organic sulfw of t h e  raw coal  and t h a t  from re6uction o f  f e r rous  srl-fide consti-  
t u t e  t h e  t o t a l  o rga r ik  sulfur i n  coke. In t h e  by-product coke oven process,  hydrogen 
suLfide comes i n t o  contact with.hot coke.during i t s  escape from t he  phastic  s t a t e  of 
t h e  coal.  

h igh - t eqe ra tu re  coke i n  t h e  temperature range o f  800' t o  1000°C. 
determine i t s  effect on t h e  sulfur content and on t h e  d i s t r i b u t i o n  of s u l f u r  f o r &  

The organic sul f f lr  in coke was 

Conclusive evidence of t h e  ex is teace  of similar complexes has been es tab l i shed  

h ~ n g  these  t h e  e f f e c t  or" coa l  ash 

Upon.heating o f  t h e  

Above this telrrperzture 

S imi l a r  r e t e a t i o n  of 

Although..no qusn t i t a t ive  da t a  are recorded, hydrogen s u l f i d e  i s  recog&zed t o  
When heated alone, 

This complex toge ther  with tile res id-  

Coosequently, its reac t ion  with coke may t a k e  p lace  a t  various temperat1ures. 
T h i s  inves t iga t ion  i s  concerned with the  i n t e r s c t i o n  of hydrogen s u l f i d e  acd 

The purpose i s . t o  

'-.of coke at these  temperatures. 

\ PTSZ'ABATlON A !  P.NALYSEs OF COEE SMPLLS 
t Carbonization of t h e  Coal. The bituminous coa l  employed t o  prepare t h e  coke samples 

was of High Volatile A Hank from t h e  Elkhorn Xoao. 3 seax i n  Letchar Zounty, iiantidky. 
It wa.s ground t o  minus 10 mesh (U,S. Standard) for carbonization. 
ana lys i s  was l,O$ moisture, 36.2s volat i le  matter, 2.63 ash ,  and 60.2$ f ixed  czrbon. 

ca l ib ra t ed  r i n g  dynamometer and Baldwin-Lima s t r a i n  gauge ana lyzer  for meas?lriog 
A seve>-pound simple of bulk dens i ty  43.4 Xss./cu.I"t. 

was coked i n  30 minutes with the  oven walls heated e l e c t r i c a l l y  at 11C)O'C. 
rnaxhm force  obtained was 58 lbs. which i s  equivalent t o  about I lb./sq.in. of t h e  

A y i e l d  of 4.4 pounds of coke was ob tahed .  

I ts  proxi.:?ats 
, 
' 

) carbonization pressure (18). 
'! 
I' 

1 i lusse l l  oven (19).  
,' Smples  of Coke Prepared. The coke was recidced t o  minus 10-nssh (U.S. Standard) 
,' by successively passing it through a jaw crusher and Bram pzlver izer .  A 200-g. 
1 r i f f l e d  sample was then fu r the r  reduced t o  miads 60 nesh (E.S. Stuldard) i n  a Milcro- 

K i l l  pu lver izer  f o r  analysis.  
.j duced 4v; of ninus 60-nesh s i ze .  This procedure allowed t h e  separa t ion  o f  coko, i n t o  
) d i f f e r e n t  f r ac t ions  based on t h e i r  g r indab i l i t y  cha rac t e r i s t i c s .  

that  these  f i n e s  contained more of t h e  coke t h a t  was produced i n  t h e  c e n t r a l  por t ion  ' of t h e  coke oven charge. 
,) and less carbonized than t h e  10 x 60 por t ion  adjacent t o  t h e  coke oven walls. 

'\minss 60 mesh. 
l.1, size. 

The coal was coked in a, smfl la5oratory movable-wall Oven equi?ped with a 

The 

Scree,+ng of t h e  remaining minxs 10-3as'n sample pr3- 

It was assiuned 

The f ines  appeared blac!cer i n  co lor ,  s o f t s r  to the touch 

The remaining 53! (10 x 60 mesh) was divided arid about half was $round t o  

Table I indicates t h e  degree of carbonization of t h e  coke according t o  t h e  
T h i s  gave t r y 0  samplzs of t h e  harder f r a c t i o n  of d i f f e r e n t  m e a n  p a r t i c l e  

. 

J 
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dry ,  ash-free v o l a t i l e  mat te r  content. 
contained 2.8$ v o l a t i l e  ma t t e r  whdreas cokes A and B ,  representing 
of tne o r i g i n a l  minEs-10 s z n p l a ,  contained Z.O$ v o l a t i l e  mattsr. 
Cheroical Analyses. 
su l fu r  by t h e  Lschka nethod were e q l o y e d  f o r  t h e  c o a l  and Coke sanples ( 2 0 )  
t h e  Eschka method, t h e  s u l f u r  i s  o-uidized t o  t h e  sulffats f o m  and tha amount of SUI- 
?ur i s  f inal ly  ca l cu la t ed  from t h e  a_uantity of bariiun sd.€ate d e t e r i n e d .  

t h e  sulfate T o m  wi th  dilute txitric ac id  (4) .  
so lu t ion ,  free cf i r o n ,  is converted t o  barium s u l f a t e  f ron  xhich t h e  p y r i t i c  sulfur 
is ca lcu la ted .  
c l i lo r ic  ac id  and barium ch lo r ide  t o  p r e c i p i t a t e  t h e  s u l f a t e  (4).  
t h a t  t h e  c o a l  under study d i d  not con ta in  any s u l f a t e  srrlfur. 

Acid-volati l ized inorganic  Fulfur w a s  detsrmined because hydrogen s u l f i d e  was 
de tec t ed  during analysis o f  a number of  cokes for p y r i t e  (4 ) .  Previous workers a l so  
observed th i s  and a t t r i b u t e d  this r e a c t i o n  t o  t h e  presence of su l f ides  of calcium, 
e t  c e t e r a  (4,15,22), Its determination was c a r r i e d  out i n  a c losed  systsm by t r e a t -  
ing 2 g. o f  c o a l  or coke wi th  100 n l .  of d i l u t e  n i t r i c  acid,  1.3, from a dropping 
funnel.  The hydrogen s u l f i d e  l i b e r a t e d  was swept by a i r  f o r  an h o w  i n t o  an ammoni- 
a c a l  so lu t ion  of cadmium ch lo r ide  contained i n  two f lasks .  The so lu t ion  was prepared 
by d i s s o l ~ g  3.2 g. of anhydrous cadmium ch lo r ide  i n  100 ml .  of d i s t i l l z d  water and 
adding 60 ml. of concent ra ted  &mnoniUm hydroxide t o  t h i s  so lu t ion .  
cadinium su l f ide  is detarmined and the perceatage sulfur i s  accordin@ calculated.  
The organic f o r m  of s u l f u r  was determined by d i f f e rence  between t h e  sum of t h e  inor- 
ganic  forms and the t o t a l  sulfur content,  The ana lyses  of t h e  c o a l  and coke smpies 
are presented i n  Table I. 

Co!ie C ,  the s o f t e r  minus 60-mesh f r a c t i o n ,  
the  harder f r ac t ion  

A.S,T.fl, Standard procedi ies  f o r  proximate ana lys i s  and t o t a l  
I n  

The p y r i t i c  form o f  s u l f u r  was determined by o-xidation during ex t r ac t ion  t o  
The s u E a t e  i n  t h e  f i n a l  pu r i f i ed  

The de termina t ion  of t h e  s u l f a t e  form was Fade by using d i l u t e  hydro- 
It is t o  be noted 

The y i e l d  of 

Screen Analysis of  Coke Samples, 
are shown i n  Table 2. 
istics of t h e  bulk  coke sample i n  its reduction t o  mnus 10 mesh. The harder and t h e  
s o f t e r  coke data were ca l cu la t ed  using t h e  method of' Hatch and Choate ( 2 3 ) ,  and these  
d a t a  are shown on log-probabi l i ty  paper in Figure 1 f o r  convenience. 

ease  of grinding. 
sample. 
caused by t h e  l i m i t a t i o n  o f  t h e  d a t a  and t h e  dev ia t ion  f r o m  t h e  theory. 
obtained by omitt ing t h e  upper l i m i t  of 3.0 mesh in t h e  theory. 
t i o n  by dr during grinding and s iev ing ,  t h e  d a t a  dev ia t e  from t h e  s t r a i g h t  l i n e  i n  
t h e  lower po r t ion  of t h e  curve i n  t h e  f i n e  p a r t i c l e  s i z e  region. 
by the dot ted  l i n e  marked "theoretical" i n  Figure 1. The lower devia t ion  cannot b e  
caused by a bu i ld  up of minera l  matter i n  t h e  f i n e s ,  s ince  t h e r e  may be a s l i g h t  
reverse tendency as ind ica t ed  by  t h e  ash  values on Table 1. 
coke-mineral matter combination is s l i g h t l y  harder t han  t h e  coke which contains less 
fi.rmly bonded mineral  matter. 

that exists during carbonization. 
recognized (24,251. 
temperature of formation o f  coke as opposed t o  a decrease in s h a t t e r  index of the 
same coa l  (26). F l o t a t i o n  o f  ground coke i n t o  var ious  f r ac t ions  has shown t ha t  t h e  
b lack  pa r t  of coke ( s ink  f r a c t i o n )  contained more v o l a t i l e  matter and ash  than the  
more carbonized p a r t  ( f l o a t  f r a c t i o n )  (27). 
Table 1 and t h e  d i f f e ren t  s lopes  of t h e  s t r a i g h t  l ine  por t ion  o f  t h e  s i eve  analysis 
d a t a  i n  Figure 1 show evidence of t h e  unhomogenous nature of coke. 

The size d i s t r i b u t i o n  da ta  f o r  cokes A ,  E and C 
The d a t a  confirm t h e  viewpoint on t h e  g r indab i l i t y  character-  

The s lope  of t h e  s t r a i g h t  l i n e  po r t ion  of this curve is a n  ind ica t ion  of t h e  
T h a t  is,  the g r e a t e r  t h e  s lope ,  t h e  harder it is t o  g r ind  t h e  

This is  
The departure from t h e  s t r a i g h t  l i n e  i n  t h e  upper po r t ion  of t h e  curve is 

Because of f lu id iza-  

This i s  i l l u s t r a t e d  

This might mean t ha t  t h e  

The p rope r t i e s  of coke vary pr inc ipa l ly  because of t h e  temperature gradiext 
I ts  non-unifortxity in co lo r  and s t r eng th  has been 

The s t r e n g t h  of co!<e on grinding was found t o  i nc rease  with t h e  

The ana lys i s  of t h e  coke samples i n  

APPAkATUS AND PdOCDUE 
The apparatus is schematically represented i n  F iewe  2.  The numbers r e fe r  t o  

the corresponding numbers i n  Table 3 which includes a de t a i l ed  des ign  and specifica- 
t i o n s  of t h e  apparatus. The p u r i t y  of t h e  gases is a l so  shown in Table 3. 
des ign  allowed a metered stream of hydrogen s u l f i d e  d i lu t ed  with nitrogen. 

The simple 
The gas 
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mixture was preheated before it made contac t  with a v e r t i c a l  f i x e d  bed of coke 
which was maintained a t  t h e  temperat.we of t h e  run. 

A 45-g. coke sample was introduced i n t o  t h e  r e a c t o r  through a funne l  a t  the 
top end allowed t o  drop on t o  t h e  support screen, The de l ivery  and condenser sys- 
t e n  was then connected t o  t h e  r eac t a r .  Nitrogen gas at a constant rate of 0.3 cu. 
ft./hr. purged t h e  entrapped air .  The r e a c t o r  and t h e  prenea ts r  were regula ted  t o  
the  run  temperature. The hydrogen s u l f i d e  s ipp ly  
was adjusted t o  t h e  des i r ed  ra te ,  and t h e  r eac t ion  with t h e  hot coke proceeded f o r  
two hours. 
cold n i t rogen  was used t o  return t h e  coke t o  room teapera ture .  

s u l f i d e ,  0.013 cu. ft./hr o r  mol concentration of 4.2p and 0.029 cu.ft . /hr o r  mol 
concentration Of 8.8% using n i t rogen  as c a r r i e s  gas. 
with cokes A ,  B and C a t  800, 900, and 1000°C. are shown i n  Table 4. 

This required about 20 minutes. 

A t  t h e  end of t h e  run, after c u t t i n g  of f  t h e  supply o f  hydrogen s u l f i d e ,  

The reac t ions  were c a r r i e d  out with two d i f f e r e n t  concentrations of hydrogen 

The results of t he  r eac t ions  

DISCUSSION Or" RZSULTS 
The analyses of t h e  coal given i n  Tables 1 and 2 show 0.70% s u l f w  and 2.65 

ash. The relatively small 
amounts of sulf'ur,mineral matter and p y r i t e  permitted t h e  study of t h e  r e a c t i o n  of, 
hydrogen s u l f i d e  and coke, which f a c t o r s  would have l e s s  e f f ec t  on t h e  r eac t ions  
cont r ibu t ing  t o  t h e  s u l f u r  content of t h e  coke. 
a h o s t  50% of t h e  c o a l  s u l f u r  was l i b e r a t e d  dur iag  carbonization. This agrees with- 
i n  t h e  range of values reported by other  workers ( 2 ) .  
t h e  p y r i t i c  sulfur contributed t o  t h e  organic s u l f u r  o f  coke, ca l cu la t ions  show that 
t h e  percentage of t h e  organic sulfur l i b e r a t e d  ranges from about 49.5 t o  50. 
has been reported t h a t  t h e  amount of organic s u l f w  re leased  ranges f r o 3  25 t o  50$'(4). 
NO d i s t i n c t i o n  i n  t h e  organic sulfur content was found between t h e  cokes A ,  E ,  and 
C ,  but t hese  d i f f e r  Kith t h e  bulk  sample, probably due t o  e-qerimentzl  errors. 

i nd ica t e  that s u l f i d e s  of calcium and of other  ca t ions  have been forned  as based 
o n  evolution of hydrogen s u l f i d e  under ac id  conditions. 
has been reported by o ther  workers (4 ,15 ,22 ) .  
f o r m  i n  cokes A ,  B ,  and C indicate t h a t  a c i d  v o l a t i l e  s u l f u r  and p y r i t e  decomposi- 
t i o n  are favored a t  more severe carbonizing conditions.  However, t hese ,d i f f e rences  
a r e  very c lose  t o  t h e  l imi t s  of t h e  experimental e r r o r  ioherent  i n  t h e  anz lys i s .  

The e f f ec t  of t he  r eac t ion  of hydrogen s u l f i d e  on t h e  sulfur content of t h e  
coke sangles  is shown i n  Figure 3. In each case the  sulfur increased, b u t  t h e  in- 
c rease  var ied  with t h e  Concentration of hydrogen s u l f i d e ,  t h e  r e a c t i o n  t e q e r a t u r z  
and t h e  nature of t h e  coke. Greater increases  i n  sulfur occurred wi th  t h e  higher 
concentration of hydrogen s u l f i d e ,  which amount reached a.maximum a t  about 900°C. 
A t  t h e  lower concentration optimum r e a c t i v i t y  appeared s l i g h t l y  below t h i s  tempera- 
t u r e ,  i nd ica t ing  the probable e f fec t  of concentration on t h e  equilibrium conditions.  
The r e s u l t s  i nd ica t e  t h a t  t h e  carbon-sulfur complex becomes less s t a b l e  above t h i s  
temperature. Ferrous su l f ide  and o ther  su l f ides  are more s t a b l e  at these  tempera- 
t u r e s  (4,7). 

Coke C, being t h e  s o f t e r  por t ion  of t h e  bulk sample, was more r eac t ive  than 
t h e  harder cokes A and B. 
p a r t  Coke B ,  minus 60 mesh, i nd ica t ing  t h a t  surface area probably inf luences  t h e  
reaction. 
shows t h e  possible e f fec t  of carbonizing conditions i n  t h e  oven. 
suggest t h a t  t h e  reac t ion  begins and proceeds more e f f ec t ive ly  with coke produced 
a t  some lower tenpera tures  than t h a t  a t  t he  coke oven walls. The na ture  and t h e  
s t a b i l i t y  of t h e  carbon-sulfur complex, t h e  poros i ty ,  s i z e  and t h e  nature of t h e  
coke a s  well as the  mineral matter may influence t h e  degree of t h e  r eac t ion  and t h e  
amount of s u l f u r  retained. 
Figure 2. 

and 5. 

The Sulfur  i s  91.$ organic and 8.63 p y r i t i c  i n  nature. 

The bulk coke d a t a  i n d i c a t e  t h a t  

Ass*dng  that up t o  ha l f  o? 

It 

The percentages of inorgaIxic forms of s u l f u r  i n  t h e  coK2s g iven  in  Table 1 

The format ioo  o f  s u l f i d e s  
The d i f fe rences  i n  t h e  inorganic 

Coke A ,  10 x 60 mesh, was l e s s  r eac t ive  t h a n  i t s  counter- 

The g rea t e r  r e a c t i v i t y  of Coke C ,  minus 60 mesh, over t h a t  of Coke B 
These d i f fe rences  

These could account f o r  t h e  va r i a t ions  ind ica t ed  i n  

The influence of hydrogen s u l f i d e . o n  t h e  sulfur forms is  given i n  Figures 4 
In View of t h e  s c a t t e r i n g  of t h e  d a t a  and of t h e  Limits of experimectal 
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e r r o r ,  it is apparent t h a t  concentrat ion O f  hydrogen s u l f i d e  and temperature had no 
markea influence on t h e  quant i ty  of inorganic su l fur .  
mount of this sulfur  #as greater .  than  t h a t  i n  the  o r i g i n a l  coke saqles because 
t h e  t o t a l  su l fur  was higher  i n  t h e  reac ted  samples. 
i c  sulfur  cons t i tuent  i n  t h e  coa l ,  was  probably deconposed t o  form fe r rous  s u l f i d e  
under t h e  conditions s tudied.  
as a c i d  ex t rac ted  and v o l a t i l e  st l l fu r ,  poin ts  t o  t h e  fo rma t im of s c l f i d e s  with 
calcium a d  o ther  cat ions.  

t h e i r  difference i n  ex t rac ted  sulfur content given ia Table 4. 
C was highest a t  aJJ. r e a c t i o n  temperatures and concentrat ion o f  hydrogen s u l f i d e .  
The resriLts suggest that t h e  r e a c t i o n  i s  favored a t  lower carbol l iza t im tempetatures. 
Under such contiitions the mineral  a a t t a r  kz probably less f i rmly  bonded t o  the more 
porous coke which uould account f o r  t h e  higher r e a c t i v i t y  of coke C. 
l e a s t  r e a c t i v e  which implies  that p a r t i c l e  s i z e  a d  porosi ty  a r e  f a c t o r s  af€ecting 
t h e  react ions.  

The increase  in t o t a l  su l fur  i s  c h i e f l y  parzlleleci  by t h e  increase o f  organic 
s u l f u r  a s  i l h s t r a t e d  i n  Figures  3 and 5. Optimum r e s c t i v i t y  appeared a romd 9O@*C. 
whereat t h e  higher concentrat ion of  hydrogen s u l f i d e  was more reac t ive .  
shows t h a t  maximum increase  of organic sulfur was about 3,4-fold while t h a t  of t o t a l  
sulfur was around 3.6-fold. T h i s  experimental evidence supports t h e  view of various 
workers t h a t  hydrogen s i l l f i de  contr ibutes  t G  t h e  organic s u l f u r  o f  coke during the 
carbonizat ion process (4,7,15,16,25) 

The reac t ion  of hydrogen s u l f i d e  n i t h  hot coke was deemed t o  involve t h s  for-  
mation of a carbon-sulfur complex on t h e  surface of t h e  carbon (1). After  t h e  com- 
p l e x  reached a s u f f i c i e n t  concentrzt ion,  t h e  s u l f u r  was evolTed a s  carbon disu l f ide .  
It i s  generally recognized that 'carbon d i s u l f i d s  i s  produced a t  higher tenpera twes  
of carbonizat ion (28). 
i n  t h i s  study is explained on t h i s  bas is .  

and sulfur ( S z )  a t  65OoC. (17). Although its decomposition temperature during car- 
bonizat ion is unknown, it na doubt decomposes a t  temperatures below t h a t  a t  t h e  coke 
oven w a l l s .  
temperatures,  but with increas ing  temperatures from t h e  p l a s t i c  s t a t e  of t h e  coal. t o  

. t h e  coke oven walls, a"y such molecules if formed, vould tend t o  d issoc iz te  into 
smller units. 
nature of t h e  complex was considered t o  b e  similar t o  B e a d  and Kheeler 's  carbon 
s u r f a c e  oxide complex C 0 
a l  e lec t ronic  configuragi8ns of sulfur and oxygen =e sinilar, suifur and oxygen 
atoms might r e a c t  with c a r b o n i n  an analagotls manner. The initid fornation of t h e  
Carbon-suUur complex v i a  hydrogen s u l f i d e  appears t o  depend upon the  w t u r e  of t h e  
r e a c t i v e  s i t e s  on carbon and upon t h e  environment. 
would probably be governed by t h e  extent  of t h e  competing dehyckogenation react ions 
involved with f r e e  su l fur .  
decomposition nature  of t h e  reac t ion ,  it is probable t h a t  t h e  formatien of t h e  com- 
p l e x  commences somewhere above 500°C. 

The nature of t h e  carbon appears t o  b e  important i n  t h e  formation of t h e  
complex. 
this i s  due t o  t h e  high degree of unsaturat ion of t h e  surface a t o m  of such c s b o n  (8). 
From a physical  point  of view, t h e  magnitude of s p e c i f i c  surface areas  of (powdered) 
cokes was considered t o  be connected with t h e  f o w a t i o n  of carbon sulfur complexes (7) .  
The evidence in this study tends t o  support these  vier-. 

The higher r e a c t i v i t y  of coke C over carbonized cokes A and B suggests that 
t h e  r e a c t i o n  takes  p1ac.e more ef fec t ive ly  with coke produced a t  temperatures below 
t h a t  at t h e  coke oven w a l l s .  
upon which the  su l fur  is probably adsorbed and r e a c t s  more eas i ly  with t h e  carbon. 
Although t h e  r e t e n t i o n  of s u l f u r  as a complex i s  k n o m  t o  depend on t h e  temperature 
and t h e  atmosphere preva i l ing  during carbonizat ion,  it may *also depend on t h e  nature 

For t h e  most p a r t ,  t h e  

P y r i t e ,  being the  o i i l y  inorgan- 

The increased amomf of inorganic s u l f u r ,  determined 

Again coke C was more r e a c t i v e  than  t h e  harder  cokes A and E as  ind ica ted  by 
Its content i n  soica 

Coke A was 

Table 4 

The decrease i n  organic s u l f u r  of t h e  coke samples a t  1000°C. 

Hydrogen s u l f i d e  has been found t o  decompose homogeneously t c  give hydrogen 

Sul fur  i s  known t o  e x i s t  a s  polyatonic molecules at r e l c t i v e l y  low 

Its ability t o  form carbon-sulfur complexes Is wel l  h o r n .  The 

( 8 ) .  Eased on this arid on t h e  f a c t  t h a t  t h e  outer  orbi t -  

The avai labi l l i ty  o? t h e  s i t e s  

Because of t h e s e  f a c t o r s  and because of t h e  secondany 

It was suggested that only  amorphous caxbon forms t h e  complex 2nd t h a t  

Such coke presumably contains  more r e a c t i v e  s i t e s  
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of t h e  complex. 
l e s s  s t a b l e  than t h a t  of cokes B and B at 1000" under t h e  condi t ion  studied. 
temperature g r a a e n t  i n  a byproduct oven sugges ts  t h a t  a por t ion  of t h e  complex 
formed by reac t ion  with hydrogen s u l f i d e  would tend  t o  surv ive  t h e  czrboniza t ion  
process. 

Phys ica l ly ,  t h e  forination of coke from the semicoke s t a g e  is a progressive 
coc t rac t ion  process. 
t u r e  a continuous decrease occurs i n  t h e  diameters of t h e  c a p i l l a r y  cons t r i c t ions  
assoc ia ted  with t h e  i n t e r n a l  s t r u c t u r e  of coke (29) .  
on t h e  decreased s i z e  of gaseous molecules necessary t o  pene t r a t e  i n t o  t h e  i n t e r n a l  
s t ruc ture .  
woulc! be  g rea t e r  with coke produced a t  lower temperatures. 
r e a c t i v i t y  of t h e  coke samples tend t o  support this concept. 

F igure  5 shows t h a t  t h e  organic sulfur of coke C i s  considerably 
The 

Recent s t u d i e s  show that with increased carboniza t ion  tempera- 

Zvidence of t h i s  was based 

This implies t h a t  t h e  d i f fus ion  of hydrogen s u l f i d e  i n t o  t h e  c a p i l l a r i e s  
The d i f f e rences  i n  t h e  

i 

1 



-206- 

References 4 

1 1. 

2 .  Reference 1, p. 948. 
3. 

4. 
5. 
6. Reference 1, pp. 950-851. 
7. 

8. 

9. 

11. Trifonov, I. arid Ivanov, V.,  A n n .  Univ. Sof ia ,  11, Faculte-phgsmath,, Lime, 2, 
12. Wibzut, J.P., Proc. 3rd I n t e r n a t i o n a l  Conference on Bituminous Coal, A,  637 (1931). 
13. Reference 1, Vol. I, p. 441. 
14. Lissner,  A . ,  Brennstoff Chemie, 4, 305 (1923). 
15. Ghosh, J.K. and B r e w e r ,  R,E., Ind.  Eng. Chem., 42, 1550 (1950). 
16. Brewer, 1i.E. and Ghosh, J.K.; Ind. Eng. Chen., 4 i ,  2044 (1949). 
17. Darurent, B.de3. arid Roberts,  R., Proc, Royal SOC. (London), 2168, 344 (1953). 
18. Donald, H . J , ,  Some P h y s i c a l  Proper t ies  of Cosils and Carbonization, Ph.D. Thesis, 

19. College of  Mineral I n d u s t r i e s  Experiment S ta t ion ,  The Pennsylvania S t a t e  Oniver- 

20. Anerican Socie ty  f o r  Tes t ing  F ia t s r ia l s ,  Standards cn Coal and Coke (1954). 
21. College of Ydneral I n d u s t r i e s  Zxperinent S t a t ion ,  The Pemsylvzniz  S t a t e  Univer- 

s i t y ,  University Park ,  Pa. ,  Report of A c t i v i t i e s  S e r i a l  Xos. 51 and 53 
(Confidential)  (1954-55). - 

22. Ter res ,  EPnst, Brennstoff Chemie, 35, 225 (1954). 
23. Hatch, T. and Choate, S.P., J. Franklin I n s t i t u t e ,  207, 369 (1929). 
24. Reference 3 ,  p. 203. 
25. >,fott, R.A. and Wheeler, R.V.,  "The Quality of Coke1', Cfizpman and H a l l ,  Ltd,, 

26. Warren, tim. B. , Ind. h g .  Chem., 2'7, 72 (1935). 
27. Reference 25, p. 324. 
28. Beference 1, p. 949. 
29. Bond, E.L. and Spencer, D.H.T., Conference on I n d u s t r i a l  CarSon and Graphite, 

London (1957) 23 pp. 

Lowry, H.fl., Chemistr,, of Coal U t i l i z a t i o n ,  John :tiley and Sons, Inc, ,  
New Pork (1945), Vol. 11, pp. 944-45. 

Vilson,Jr., P h i l i p  J. and :fells, Joseph if., Veal, Coke, and Coal Chemicals", 

Powell, Alfred E., Ind. Eng. Chem., 2, 1069 (l920); i b id .  3, 33 (1921). 
Woolhouse, T.G., Fue l ,  2, 259,286 (1935) e 

Blayden, B.E. and Xot t ,  R.A.,  The B r i t i s h  Coke Research Association, Seventh ( 

ConEerence, Xov. 7, 1956, 26 pp. / 

Baraniecki,  C., G ley ,  H.L., 2nd S t r e e t e r ,  &., Conference oa I n a m t r i a l  1 

Carbon and Graphite,  London (1957) 8 pp. 
Powell, Alfred R., J. Am. Chem. SOC., 45, 1 (1923). 

HcGraw-Hiil Bock Compaq, Inc., Sew York (19501, p. 189. ! 

1 

1 

10. Fuchs, W., Breonstoff Chemie, 32, 274 n 9 5 i ) .  1 

201 (1938-39), cf. Chex. Abs t rac ts ,  34, 3052 (i940).  

The Pennsylvania S t a t e  Ulliversity,  January (1955) 

sity, University Park, Pa., Xeoort of A c t i v i t i e s  S e r i a l  No. 56 !Conf'fidentialj (1956). 

f 

London (1939), pp. 85, 95. 

i 



-207- 

TABLE I 

PROXIMATE ANALYSIS AND SULFUR FORMS O F  COAL AND COKES 

Proximate AnaTysis, X 

I 

\ 

Sample Basis (1) Moisture 

Coal 1 - 1.0 

2 - 
3 

Coke A (2) 1 0.6 

2 - 
3 - 

Coke B (2) I 0.9 

2 

3 - 
Coke C (2) 1 1.2 

2 - 
3 - 

V.M. F.C. Ash Total 

36.2 60.2 2.6 0.69 

36.6 60.8 2.6 .70 

37.6 62.4 - 

---- 

2.2 92.0 5.1 0.56 

2.2 92.7 5.1 .56 

2.3 97.7 - - 

1.9 93.1 4.4 0.56 

1.9 93.7 4.4 .56 
2.0 98.0 - - 

1.9 92.1 5.1 0.56 

1.9 92.9 5.2 .56 

2..0 98.0 - - 

2.6 90.7 5.5 0.56 

2.6 91.8 5.6 .57 

2.8 97.2 - - 

Sulfur Analyses, Z 
Inorganic 

Extract.. - Vol. Organic 

0.06 

.06 
- 

0.02 

.02 
- 

0.01 

.01 
- 

0.01 

. 01 
- 

0.02 

.02 
- 

0.00 

- 
- 

0.06 

.06 
- 

0.05 

.05 
- 

0.05 

.05 
- 

0.03 

.03 
- 

(1) 1, as received; 2, d r y ;  3, dry, ash-free 

(2) Coke A, 10 x 60 mesh of  o r i g i n a l  -10 mesh; Coke B, 
coke A ground t o  -60.mesh; Coke C, -60 mesh of 

' o r i g i n a l  -10 mesh 

0.63 

.64 

.65 

0.48 

.48 

.51 

0.50 

.50 

.53 

0.50 

-50 

.53 

0.51 

.52  

.55 

... 
.A,.. 

. ,  

- 
. .. 

S 

\ 
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TABLE 3 

APPARATUS SPECIFICATIONS; ITEM NUMBER 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

REFER TO FIGURE 2 

DESCRIPTION 

Cylinder (nitrogen gas; Matheson Co. Inc., water- 
pumped, standard pur i ty)  

Brooks rotameter, s i z e  1-15-3, maximum capac i ty  
0.40 cu.ft .  p e r  hr. a t  25'C., 1 am. 
"Dr ier i te"  drying towel and copper wool deox i f i e r  
with furnace a t  45OOC. 

Cylinder (hydrogen su l f ide ;  Matheson Co. Tac., 
99.9% pure) 

F ischer  rotameter, No. 08-150 D.W. G. -S-21654-3, 
maximum capac i ty  0.05 cu . f t .  per  hour a t  25'C., 
1 am. 
Mixing tee 

Preheater, Hevi Duty furnace, type 70, 1-inch ID 
and prehea ter  tube packed with porce la in  rods; 
temperature maintained at 5OOaC. w i t h  var iac  type 
116 
Mul l i te  Coors r eac to r  tube, 24" long and 1-inch 
ID, 29/42 P female j o i n t s  at ends, with prehea ter  
zone packed with s i l ica  rods 114 inch  OD and 1 2  
inches long, support screen, n icke l - i ron  a l loy ,  
60-mesh and 1-inch dia.  as shown i n  the enlarged 
view in Figure 2. Chmmel-Alumel thermocouple, 
encased in Vycor g l a s s  w e l l  a t  base of r e a c t o r  tube, 
and a t tached  t o  Hoskins thermoelectric pyrometer 
type AH 

Reactor furnace, Hoskins, type FH 3038 equipped with 
a 15-wlt 37-ampere output trsnsfonuer cont ro l led  by 
va r i ac  type 116 

Liebeg condenser, 20 inches long, w i t h  150-ml 
condensate t r a p  and f i n e s  t rap ;  24/40 8 j o i n t s  

Hydrogen s u l f i d e  absorption t r ap  v i th  f r i t t e d  
g l a s s  f i l t e r ,  corning extra course, absorption 
medium 10% aqueous monoethanolamine 

Sargent Wet T e s t  Meter, maximUm capac i ty  100 cu . f t .  
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TABLE 4 

EFFECT OF HYDRM;EN SULFIDE ON THE SULFUR CONTENT 
OF COKX FOR TWO-HOUX RUNS AT 800, 900, and 1000°C. 

Analyses Before &ac t ion ,  % Sulfur  

Inorganic S u l f u r  Organic") Total 
Extracted Vo la t i l e  Su l fu r  Sul fur  

Sample 

Original Coal 
Bulk Coke 

.06 . 00 .63 .69 

.02 .06 .48 .56 

Coke A, Hard, 10x60 mesh .01 .05 . SO .56 
Coke B, Hard, minus 60 mesh . 01 .05 .50 .56 
Coke C, Soft ,  minus 60 mesh a 02 .03 .51 .56 

Analyses A f t e r  Reaction, % Sulfur  

Flow rate of Hydrogen Sulfide: 

Temp., 'C. 

0.013 cu.ft./hr. (0,015 mols/hr.) (Mol conc.4.2%) 

800 Coke A, Hard, 10x60 mesh -08 . 00 .72 .80 
Cake B, Hard, m i n u s  60 mesh .14 .04 1.06 1.24 
Coke C, Sof t ,  minus 60 mesh .34 .02 1.36 1.72 

900 Coke A, Hard, 10x60 mesh . O l  .01 .66 .68 
Coke B, Hard, minus 60 mesh .04 .02 .72 .78 
Coke C, Sof t ,  minus 60 mesh .22 .02 -. 1.39 1.63 

1000 Coke' A, Hard, 10x60 mesh .02 . 00 .. 66 .68 
Coke B, Hard, minus 60 mesh .07 .03 .78- .88 
Coke C, Soft ,  ~ ~ R L I S  60 mesh -24 .04 .54 .82 

Flow r a t e  of Hydrogen Sulfide: 0.029 cu.ft./hr. (0.034 molslhr) (Mol conc.8.8%) 

800 Coke A, Hard, 10x60 mesh .07 a 01 .81 .89 
Coke B, Hard, minus 60 mesh .12 .05 .96 1.13 
Coke C, Soft ,  minus 60 mesh .28 . 00 1.68 1.96 

900 Coke A, Hard, 10x60 mesh .04 .03 -98 1.05 
Coke B, Hard, minus 60 mesh .12 .03 1.08 1.23 
Coke C, Soft, minus 60 mesh .27 .01 1.74 2.02 

loo0 Coke A, Hard, 10x60 mesh .01 .01 .79 .81 
Coke B, Bard, minus 60 mesh .13 .02 1.10 1.25 
Coke C, Soft ,  minus 60 mesh .32 .52(2) 1.20 2.04 

(1) Organic s u l f u r  i s  all s u l f u r  o the r  than inorganic (extracted and vo la t i l e )  
(2) Believed t o  be in error r 
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FIGURE 2 - EXPERIMENTAL APPARATUS 
(REFER TO TABLE 3 FOR 
SPECIFICAT IONS) 
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